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Abstract 

We investigate constraints on neutrino mass ordering and degeneracy 
by considering the first cosmological result based on Planck measure- 
ments of the cosmic microwave background. It is shown that the result 
at 95% CL rejects a neutrino mass degeneracy larger than 85% (82.5%) 
for the normal (inverted) hierarchical case. We can also find some regions 
where the neutrino mass ordering will be able to be distinguished by com- 
bining a value of sum of the neutrino masses with an effective neutrino 
mass determined by neutrino-less double beta decay experiments. 



1 Introduction 



Neutrino oscillation experiments have established that neutrinos have tiny masses compared 
to other standard model (SM) fermion masses. Further, recent precision measurements of 
mixing angles in the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix pQ have clarified 
that there are two large (9 12 and #23) and one small (#13) mixing angles [2J[njlI]. Regarding 
the neutrino masses, only two mass squared differences are determined. Therefore, one can 
consider a normal mass hierarchy (NH: m\ < m 2 < m 3 ) or an inverted one (IH: m 3 < 777,1 < 
777,2) where mi are mass eigenvalues of the three light neutrinos. A determination of the 
neutrino mass ordering is one of important tasks in neutrino physics. 

Recently, an important result has just been reported by Planck measurements of the 
cosmic microwave background (CMB) {5j, which is 



for the sum of the three light neutrino masses with an assumption of three species of degen- 
erate neutrinos. An upper limit for the sum of the neutrino masses is important to determine 
the neutrino mass ordering and constrain a degeneracy among the neutrino masses. In this 
letter, we investigate the first cosmological result based on the Planck CMB measurement 
for the neutrino mass ordering and the neutrino mass degeneracy. 

Regarding the neutrino mass ordering, values of an effective neutrino mass for the 
neutrino-less double beta decay (Ov/3/3) are differently predicted between the NH and the IH. 
Therefore, it is also important to distinguish them if the neutrinos are Majorana particles. 
We will consider the latest result for an effective neutrino mass from a Oz//3/3 experiment and 
an expected regime of the mass by a future experiment with the cosmological constraint on 
the sum of the neutrino masses for the discrimination of the neutrino mass ordering. 

2 Constraints on neutrino mass ordering from Planck 
and neutrino-less double beta decay 

The neutrino oscillation experiments determine only two mass squared differences of neutri- 
nos, Am^i and Am^ (or Am\ 2 ) defined as 



< 0.230 eV (P/anc&+ WP+highL+BAO), 
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Amoi = 
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A774 = 



m\ for the NH, 
7772 for the IH. 
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Therefore, the neutrino mass spectrum can be described by the two mass squared differences 
and a remaining mass as 



(m 1 ,m 2 ,m 3 ) (5) 
= (mi, y / Aml 1 - ml, \J Am§j - m\ ) or (y/mf - Am§ l5 y/ Am^ + Am§ x - m§, m 3 ), 



for the NH, and 



(mi, m 2 , m 3 ) = (mi, y/ Am^ - mf, y Am§ 2 + A 



m 21 + m 2 ) 



or (ym§- Am^ 2 + Aml x , y/m| - Amf 2 ,m 3 ), (6) 
for the IH. The values of the neutrino mass squared differences are determined as 



Am|i = 7.50i°;jjg x 10" 5 eV 2 , (7) 
Am 2 31 = 2.47±°; 22 x KT 3 eV 2 , (8) 
Am 2 2 = -2.43j£g x 10~ 3 eV 2 , (9) 



at 3a level [I]. 

On the other hand, the first cosmological result based on Planck measurements of the 
CMB [5] have presented an upper bound on the sum of the neutrino masses assuming no 
extra relics with a WMAP polarization low-multipole likelihood at I < 23 (WP) [6j [7], 
high-resolution (highL) CMB data, and baryon acoustic oscillation (BAO) surveys as, 

^]m„ < 0.230 eV (PZancA+WP+highL+BAO), (10) 

at 95% CL. We show this upper limit in Fig. [QandEl i n which the horizontal axes are m m i n 
or m max in Fig. [1] (see also [8] for a plot in (m min ,^m^) plase with old data), and 5 in 
Fig. |2j m min and m max stand for minimal and maximal values among three neutrino mass 
eigenvalues, respectively. Therefore, these are defined as 

mmin = mi, m max = m 3 for the NH, (11) 
m min = m 3 , m max = m 2 for the IH, (12) 

respectively. With these definitions, the sum of the neutrino masses are described by 

yj Am 2 21 + m 2 min + a/ Am 2 31 + m 2 min 

\/™max - Am 2 x + V^Lx ~ ^^1 + A ™ll + "V 



for the NH, and 



mv = f V^min ~ Am 32 ~ Am ll + V^min ~ Amg, 2 + m min 
^ " I \/ m max - Am 21 + ™max + V^max + Am 2 ^ 
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Figure 1: The sum of the neutrino masses in functions of m min and m max , and cosmological 
bounds on the sum of the neutrino mass from the Planck with other data. 
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Figure 2: The sum of the neutrino masses in function of the neutrino mass degeneracy 5, 
and cosmological bounds on the sum of the neutrino mass from the Planck with other data. 

for the IH in Fig [TJ 5 indicates a magnitude degeneracy of the neutrino masses defined by 

r "'max ^min f-i r\ 



Therefore, limit of m min — > (m max ) means 0% (100%) of degeneracy among the neutrino 
masses, respectively. In Fig. [I] and El thick curves for both the NH and the IH are the sum 
of the neutrino masses with the best fit values for two mass squared differences. Possibly 
minimal and maximal curves are also shown by using values of two mass squared differences 
in 3cr range ©-(El). In Fig. [H(a), (c) and Fig. [2] (a), the upper limit ( fTUj) are shown by (gray) 
shaded region. In Fig. [1] (b), (d) and Fig. [2] (d), other limits at 95% CL as 

( 0.247 eV (PZ<mdfc+WP+BAO) 
J2 m ^ < \ °' 663 eV (-PfoncAH-WP+highL) , (16) 
{ 0.933 eV (Planck+WP) 

are also shown by (light red, magenta, and green) shaded regions, respectively. One can easily 
find from all figures that if cosmologically observed value of the sum of the neutrino masses 
is smaller than a minimal value of the sum in the IH, m v < min[^ Tn v \ m3= o\ ~ 0.0987 eV 
within 3cr range, the IH of the neutrino mass spectrum can be ruled out. 

One can also note that if the sum of the neutrino masses could be determined within a 
region of min[^ m u \ ma=0 ] ~ 0.0987 eV < < 0.023 eV in future, a determination of 
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value of m min or m max can clarify the neutrino mass spectrum. For instance, ^2m v = 0.02 
eV limits m min and m max to 0.060 eV< m min < 0.062 eV, 0.078 eV< m max < 0.080 eV for the 
NH and 0.052 eV< m min < 0.056 eV, 0.072 eV< m max < 0.074 eV for the IH, respectively. 
An experiment using atoms or molecules with an atomic process of radiative emission of 
neutrino pair (RENP) for neutrino spectroscopy might give a constraint on the absolute 
neutrino mass and/or mass ordering, or might independently determine them [9]. 

Fig. [2] shows the sum of the neutrino masses in function of the neutrino mass degeneracy 
5, and cosmological bounds on the sum of the neutrino mass from the Planck with other 
data. The meanings of curves and shaded regions are the same as ones in Fig. [TJ One can 
replace m m ; n or m max in the sum of the neutrino masses by 5 defined in (115j) . We find that 
a magnitude of degeneracy 5 < 0.15 (0.175) is ruled out at 95% CL for the NH (IH). This 
means that a degeneracy larger than about 85 (82.5)% is rejected for the NH (IH). 

Finally, in Fig. [3J, we compare the cosmological constraint on the sum of the neutrino 
mass from the Planck with a result from the Oz//3/3 experiment, which constrain an effective 
neutrino mass defined as 



with Sij = sin^jj and = cos^- where U is the PMNS matrix, 6^ are the mixing angles 
in the PMNS matrix, a is an one of Majorana phases, and (3 is a re-defined CP phase by 
the Dirac CP phase (5d) and another Majorana one (/?') as /3 = /3' — 5e> (see also [10] for a 
plot in (^m„, |m ee |) plane with old data). Results from the first phase of the KamLAND- 
Zen experiment are \m ee \ < (120 — 250) meV at 90% CL [12]. It is shown by an orange 
shaded region in Fig. El We also present an expected value of 24 meV, 20 meV, and 10 
meV, which are described by thick horizontal line, by the CUORE [13], KamLAND-Zen, 
and GERDA [T4] experiments in addition to the Planck limit in the vertical direction (the 
sum of the neutrino masses). It is known that minimal and maximal values of \m ee \ for both 
the NH and IH cases are determined by differences of relative sings among each term in ( ITT)) , 
which depend on Majorana phases (see e.g. [IS]). The upper (maximal) and lower (minimal) 
boundaries of the region for both the NH and IH in particular correspond to 




(17) 




c i2 c i3 m i + s i2 c i3 m 2 + s i3 m 3\ f° r t ne upper boundary in the NH and IH 
c i2 c ?3 m i — s i2 c i3 m 2 — s i3 m 3l f° r ^ ne l° wer boundary in the NH and IH 



.(18) 



We also take mixing angles and two mass squared differences as 



(s?2> s i3> A™2n Am 2 31 ) = 



(0.34, 0.030, 7.00 x 10" 5 eV, 2.27 x 10~ 3 eV) 
(0.34,0.030,7.00 x 10" 5 eV,2.69 x 10~ 3 eV) 



(19) 
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Figure 3: The cosmological constraint on the sum of the neutrino mass from the Planck with 
a result from the neutrino-less double beta decay experiment. 



for the upper and lower boundaries in the NH, respectively, and 



s 12 , s 13 , Am,, , Am 



21) 



(0.34, 0.016, 7.00 x 10~ 5 eV, -2.65 x 10~ 3 eV) 
(0.34, 0.030, 7.00 x lO" 5 eV, -2.65 x 10~ 3 eV) 



(20) 



for the upper and lower boundaries in the IH, respectively. These values are marginal ones 
at 3<r level [3]. The relative signs are obtained by taking the corresponding CP phase as 
or 7r/2, respectively. It can be seen from Fig. [3] that expected value by the CUORE 
and KamLAND-Zen experiment \m ee \ = 24 and 20 meV cannot rule out the IH while the 
GERDA experiment can do it. However, if one combines a result for a value of \m ee \ with one 
of ^2 m„, there are some regions in which one can distinguish between the NH and the IH. For 
instance, on the line of expected value by the KamLAND-Zen experiment (|m ee | = 20 meV) 
with 0.19 eV< m v ~ 0-23 eV (or ^ m u ^ 0.0987 eV), the IH can be rejected. In a region 
of 0.023 eV< \m ee \ < 0.080 eV and 0.0987 eV < £ m v < 0.023 eV, there exists a region 
in which the only IH can be allowed. Since both the 0^/3/3 experiments and cosmological 
CMB observation will come to an interesting region, a combining analysis will also become 
important to distinguish the neutrino mass ordering. 
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3 Summary 



We studied constraints on the neutrino mass ordering and neutrino mass degeneracy by con- 
sidering the first cosmological result based on the Planck measurements of the CMB. First, 
we shown the sum of the neutrino masses in functions of m min and m max and cosmological 
bounds on the sum of the neutrino mass from the Planck with other data. It was found that 
if cosmologically observed value of the sum of the neutrino masses if smaller than a minimal 
value of the sum in the IH, ^ra v < mm[J2 m v \ m . i=Q ] ~ 0.0987 eV within 3cr range, the IH 
of the neutrino mass spectrum can be ruled out. We could also found that if the sum of the 
neutrino masses could be determined within a region of 0.0987 eV < ^m,; < 0.023 eV in 
future, a determination of value of m min or m max can clarify the neutrino mass spectrum. 
For instance, ^2m u = 0.02 eV limits m min and m max to 0.060 eV< m min < 0.062 eV, 0.078 
eV< m max < 0.080 eV for the NH and 0.052 eV< m min < 0.056 eV, 0.072 eV< m max < 0.074 
eV for the IH, respectively. 

Next, we showed the sum of the neutrino masses in function of the neutrino mass de- 
generacy 5, and cosmological bounds on the sum of the neutrino mass from the Planck with 
other data. It was found that a magnitude of degeneracy 5 < 0.15 (0.175) is ruled out at 
95% CL for the NH (IH). This means that a degeneracy larger than about 85 (82.5)% is 
rejected for the NH (IH). 

Finally, we compared the cosmological constraint on the sum of the neutrino mass from 
the Planck with a result from the Oz//3/3 experiment, which constrain an effective neutrino 
mass. It was found that if one combines a result for a value of \m ee \ with one of m v, there 
are some regions in which one can distinguish between the NH and the IH. For instance, on 
the line of expected value by the future KamLAND-Zen experiment (|m ee | = 24 meV) with 
0.19 eV< Yli m i' ~ 0-23 eV (or < 0.0987 eV), the IH can be rejected. In a region 

of 0.023 eV< \m ee \ < 0.080 eV and 0.0987 eV < £ m v < 0.023 eV, there exists a region 
in which the only IH can be allowed. Since both the 0^/3/3 experiments and cosmological 
CMB observation will come to an interesting region, a combining analysis will also become 
important to distinguish the neutrino mass ordering. 
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